Background: Complex hindfoot pathology may benefit from vascularized bone flap reconstruction rather than traditional bone grafting techniques. Medial femoral condyle (MFC) flaps provide vascularized periosteum, skin, and corticocancellous bone. Methods: A retrospective, single-institution cohort study of consecutive MFC flaps performed for complicated hindfoot reconstruction between 2013 and 2019 was reviewed. Radiologic follow-up assessed osseous union and clinical outcomes were evaluated with the American Orthopaedic Foot & Ankle Society (AOFAS) hindfoot score. Thirty MFC flaps were performed in 28 patients for complex hindfoot pathology. Twenty-seven flaps had adequate clinical and radiographic followup (mean 15.8 months). Results: The majority presented with avascular necrosis (83%) and failed prior operations (67%, mean 3.1). Most hindfoot procedures involved arthrodesis (n ¼ 24, 80%); tibiotalocalcaneal (n ¼ 11) and talonavicular (n ¼ 7) most frequently. Mean osseous flap volume was 10.3 cm 3 (range 1.7-18.4 cm 3 ); one flap required takeback for venous congestion but no total flap losses occurred. Primary osseous union was initially achieved in 20 patients (74%, mean 217 days). Six flaps developed interface nonunion; 5 underwent revision arthrodesis and ultimately achieved union in 24/27 flaps (89%, mean 271 days). Risk factors for nonunion were body mass index (BMI) >30 (P ¼ .017) and prior arthrodesis (P ¼ .042). Mean AOFAS hindfoot scores increased significantly from 52.3 preoperatively to 70.7 postoperatively (P < .001). Subscore analysis demonstrated significant improvement in postoperative pain scores from 14.2 to 27.3 out of 40 (P < .001). Conclusion: The MFC free flap provided vascularized bone for complicated foot and ankle reconstruction with relatively low donor site morbidity, promising osseous union results, and improved functional outcomes. Level of Evidence: Level IV, retrospective case series.
Introduction
Normal foot and ankle function does rely on the large articular surfaces of the navicular and talus, which results in a relatively tenuous blood supply and significant stress during ambulation. This combination predisposes them to arthrosis, avascular necrosis (AVN), and nonunion, which can present a challenging problem for foot and ankle surgeons and often leaves arthrodesis as the only possible option. 14 If revision arthrodesis is required, this further exacerbates the problem by resulting in greater bone loss, soft tissue compromise, and less consistent fusion rates. 7 Standard bone grafting techniques require a wellvascularized recipient bed to maintain osteocyte viability and allow for successful osseous union. When a significant intercalary defect results from resection of diseased bone, successful arthrodesis with limb length preservation requires osseous structural support to bridge the gap in combination with rigid compressive fixation. 1, 2, 15, 21 Structural bone grafts require progressive healing through the interfaces between the graft and native bone margins, with larger grafts at higher risk of failure to incorporate and subsequent collapse. Compromised vascularity of the recipient site and comorbidities such as diabetes or smoking further increase the risk of graft failure. 16, 20 Vascularized bone grafts have the advantage of preserving osteocyte viability within the structural bone graft transferred. These have traditionally been recommended for significant intercalary defects (typically >6 cm) or in the setting of a hostile wound bed and/or comorbid patient at high risk of nonvascularized bone graft failure. The medial femoral condyle (MFC) free flap, first described by Doi et al, 6 enables transfer of vascularized periosteum with viable corticocancellous bone and skin if required to promote osseous union in bone defects that are unlikely to achieve successful union with standard bone grafting techniques. 6, 10 Although the MFC is unable to provide the length of a free fibula or iliac crest often required for segmental long bone defects, it has relatively minimal donor site morbidity and provides adequate bone stock to serve as a structural graft for many salvage foot and ankle procedures.
Preoperative patient selection, intraoperative tailoring of the MFC flap to the anticipated defect, and postoperative care requires close cooperation between the orthopedic and plastic surgery teams. Anecdotally, we have found that this coordinated orthoplastic approach of specialized teams working together to provide orthopedic and microvascular expertise improves the likelihood of success and streamlines delivery of care in this challenging patient population. In order to critically evaluate our outcomes, we report our series of orthoplastic foot and ankle reconstructions with the MFC free flap.
Methods
A retrospective review of medial femoral condyle free flaps performed for foot and ankle reconstruction by the senior author at a single institution between 2013 and 2019 was completed following institutional review board approval. All patients were initially evaluated by the senior foot and ankle surgeon and subsequently referred to the plastic surgery service for evaluation if their pathology warranted vascularized bone graft transfer in order to optimize the potential for osseous healing and successful orthopedic treatment. Factors that were considered indications for performing MFC reconstruction included (1) symptomatic pathology with significant functional impairment warranting surgical intervention;
(2) severely compromised bone vascularity from AVN and/ or multiple prior operations based on preoperative imaging, examination, and history; (3) anticipated osseous defect approximately 2-4 cm in length; (4) poor surrounding soft tissue quality; and (5) presence of comorbidities associated with standard bone graft failure such as smoking, diabetes, or steroid use. Although smoking and diabetes were not a reason for exclusion, multiple significant comorbidities that resulted in a poor surgical candidate for free flap reconstruction was a contraindication. In addition, if there were no recipient vessels available for microvascular anastomosis due to peripheral vascular disease or trauma, we were unable to offer the patient free flap reconstruction. If a larger osseous defect was anticipated, a free fibula was chosen as the vascularized bone flap for reconstruction; however, for borderline defects, patients were consented for both MFC and fibula flaps, with the ultimate decision made intraoperatively after the defect was fully defined.
Patient demographics, operative details, and postoperative outcomes were obtained for analysis; comorbidities were evaluated using the Charlson Comorbidity Index (CCI) for comparison. 5 Preoperative and postoperative American Orthopaedic Foot & Ankle Society (AOFAS) Ankle-Hindfoot Scores were calculated for functional outcomes comparison. 19 The orthopedic clinic documentation for preand postoperative evaluations were recorded in accordance with the AOFAS scoring system which enabled retrospective evaluation with this outcomes instrument. Unfortunately, other validated foot and ankle scores were not able to be reliably calculated and were not included in our analysis.
Over the 6-year study period, 30 MFC free flap reconstructions were performed in 28 patients for complex hindfoot pathology ( Table 1) . Mean age was 47.8 years with a range from 17 to 77 years with an even gender distribution. Obesity was common with an average body mass index (BMI) of 31 (range 19-45); however, there was a relatively low incidence of comorbidities such as diabetes (n ¼ 2) and peripheral vascular disease (n ¼ 1), with a median Charlson Comorbidity Index score of 1 (range 0-5).
Osseous union was assessed with serial radiographic or computed tomography, with complete union defined as date of imaging study when complete union was noted within the radiology report.
Orthoplastic Surgical Technique and Postoperative Flap Care
A 2-team, orthoplastic approach was utilized in all cases to ensure that all flaps were tailored to the reconstructive requirements of each individual defect. The included radiographic and intraoperative images. (Figures 1-4 provide an illustrative case example.) On completion of the orthopedic portion of each procedure (Figure 2 ), the MFC flap was harvested under tourniquet control as described previously ( Figure 3 ). 10 Flap fixation was determined intraoperatively according to the defect size, orthopedic fixation technique, flap design, and pedicle orientation. At the conclusion of the operation, all patients were placed in a posterior splint with leg elevation and strict nonweightbearing. Flap monitoring was most commonly performed using an external Doppler probe on the skin paddle or directly over the pedicle in 28 cases; however, an implantable Cook Doppler probe was used in 2 cases (1 arterial, 1 venous). On discharge, the patient was instructed to maintain strict nonweightbearing status in the posterior splint and to keep the leg in an elevated position as often as possible until seen in clinic.
Statistical Analysis
Data were analyzed using Pearson chi-square or Fisher exact tests to examine categorical variables and t test for continuous variables to assess for significance between surgical site infection, wound breakdown, and nonunion (dependent variables) and comorbidities and prior orthopedic procedures (independent variables). All variables with a P <.10 on univariate analysis were included in multivariate analysis logistic regression model to assess independent predictive factors of non-union. Results with a P <.05 were considered to be statistically significant. Analyses were performed using Stata IC 11.0 (StataCorp, College Station, TX).
Results
A history of trauma was the most common etiology (73%) followed by idiopathic avascular necrosis (17%). Avascular necrosis of 1 or more hindfoot bones was present in 83% of patients, with the navicular (n ¼ 13) and talus (n ¼ 12) most commonly affected. Arthritis (76%) and osseous nonunion (73%) were also common on presentation. The majority of patients had undergone previous hindfoot surgery (n ¼ 20, 67%), with an average of 3.1 prior operations (range 1-10). Most patients with surgical history (n ¼ 17, 57%) had ultimately failed at least 1 arthrodesis procedure prior to referral.
Orthopedic interventions performed concomitantly with MFC flap reconstruction are listed in Table 2 along with the respective bone flap insertion sites. The majority of hindfoot procedures involved arthrodesis of at least 1 joint (n ¼ 24, 80%), with tibiotalocalcaneal (n ¼ 11) and talonavicular (n ¼ 7) fusions the most common. K-wire fixation of the MFC flap was used most frequently (n ¼ 17), followed by press-fit (n ¼ 5), K-wire and screw (n ¼ 4), screw (n ¼ 2), plate and screw (n ¼ 1), and plate only (n ¼ 1).
The ipsilateral knee was used as the MFC donor site in all but 2 cases. The mean osseous volume was 10.3 cm 3 (range 1.7-18.4 cm 3 ). Bone-only free flaps were used in 14 cases. A chimeric skin paddle was performed with 15 of the flaps (50%), and a segment of vastus medialis muscle was incorporated in 1 case for soft tissue coverage in the setting of inadequate skin perforators. The descending geniculate artery supplied the flap in the majority of cases (n ¼ 26). However, in 4 cases, the MFC pedicle arose from the superior condylar branch of the medial geniculate artery. The anterior tibial (AT) vessels were the most common recipient vessels (n ¼ 25) followed by the posterior tibial (PT) vessels in 5 cases. End-to-end arterial anastomoses were performed in 23 cases and either 1 or 2 venae comitans were used for venous outflow.
Average postoperative length of hospital stay was 4.9 days (range 3-11 days). Length of stay longer than 5 days was associated with older age (mean 60.4 years vs 37.9 years, P ¼ .001) and higher CCI scores (mean 2.3 vs 0.62, P ¼ .002). Flap complications occurred in 6 patients. There were 3 partial skin paddle losses and 2 total skin paddle failures; however, the underlying bone flap was noted to be viable in all cases during operative debridement. One patient required a takeback for venous thrombosis related to pedicle kinking on postoperative day 1 with successful flap salvage. One patient developed a donor site seroma that required operative drainage. Out of 30 patients, 27 had adequate clinical and imaging follow-up to be included for outcomes analysis with a mean follow-up duration of 15.8 months (range 4-33 months) ( Table 3) . Average time to partial weight bearing was 49 days (range 26-100 days) and time to full weight bearing was 99 days (range 57-208 days). Primary osseous union was initially achieved in 20 patients (74%) by an average of 217 days (range 110-475 days). CT imaging follow-up was available for 16 patients, including 4 nonunions, and was obtained 2-24 months postoperatively (mean 12.3 + 8.0 months). One patient developed an asymptomatic partial union with no functional limitation and did not warrant additional intervention.
Of the 6 patients who developed an interface nonunion, 5 were symptomatic and underwent revision arthrodesis with bone grafting and 4 of these patients achieved subsequent union. One patient who developed an asymptomatic chronic nonunion refused any consideration for additional surgery. Ultimately, complete osseous union was achieved in 24 patients (89%) with an average time to union of 271 days (range 110-628 days).
Fifteen patients required additional procedures subsequent to their MFC flap reconstruction (6 soft tissue, 9 orthopedic). Flap soft tissue debulking was performed in 4 patients, and 2 required operative debridement for delayed wound healing at the recipient site. Revision arthrodesis for nonunion was required in 5 patients. Two patients underwent pin removal, 1 patient had tibial screw removal for rod dynamization, and 1 required excision of heterotopic bone.
Risk factors for the development of nonunion following MFC reconstruction were evaluated (Table 4 ). Nonunion demonstrated a significant association with increased BMI (P ¼ .001), specifically with a BMI cutoff greater than 30 (P ¼ .017). On multivariate regression, BMI >35 was independently predictive of MFC nonunion (P ¼ .004). No other medical comorbidities were associated with the development of nonunion.
Although prior hindfoot surgery in general was not associated with subsequent MFC nonunion (P ¼ .367), history of previous failed arthrodesis did correlate with MFC interface nonunion (P ¼ .042). Moreover, although there was a relatively higher incidence of nonunion observed with talonavicular arthrodesis (4 of 7, P ¼ .110), talonavicular flap insertion site (3 of 8, P ¼ .713), and hardware failure (2 of 3, P ¼ .108), this did not reach significance. Flap complications (P ¼ .252), bone flap fixation method (P ¼ .901), and bone flap volume (P ¼ .789) also did not correlate with subsequent nonunion. Additionally, bone flap volume did not correlate with time to union.
In order to measure functional outcomes, AOFAS Hindfoot Scores were calculated for patients (Table 5 ). Mean preoperative scores were 52.3 (range 26-72). When evaluated at least 6 months postoperatively, average AOFAS scores had increased significantly to 70.7 (range 28-96) (P < .001). Adjusting for the large number of arthrodesis patients, the sagittal and hindfoot motion subscores were removed and demonstrated an even larger difference between mean preoperative (43.8 + 12.6) and postoperative (65.8 + 16.4) AOFAS scores (P < .001). Subgroup analysis within the scoring system demonstrated a significant improvement in pain scores from 14.2 to 27.3 out of 40 (P < .001). Although the overall functional improvement score increased postoperatively 30.3 to 34.2 out of 50, this trend did not reach significance (P ¼ .063). Within the functional outcomes score, however, significant improvement was seen in activity limitations (P < .001), walking distance (P ¼ .027), walking surfaces (P ¼ .002), gait abnormality (P ¼ .030), and hindfoot motion (P ¼ .001). Sagittal motion trended downward (P ¼ .095), consistent with the majority of our cohort having an arthrodesis performed (88%). There was significant improvement in ankle alignment scores as well postoperatively (P ¼ .004).
Discussion
In the setting of compromised vascular supply to the bones of the foot and ankle related to trauma, surgery, or other mechanisms, the risk of AVN and arthrodesis nonunion may be as high as 30% to 40%. 7 Trauma was the most common antecedent etiology for the presented patients above, resulting in avascular necrosis, arthritis, and osseous nonunion in the vast majority of those patients.
Structural bone grafting with autograft or allograft is an option for bone defects and has been used to treat multiple different foot and ankle defects with varying success rates according to the degree of pathology present. For calcaneal injuries, subtalar distraction arthrodesis with an autologous intercalary bone block have demonstrated union rates between 86% and 95%. 15 A series of 44 structural allograft reconstructions for a heterogeneous cohort of tumor resections demonstrated a 79% allograft survival rate at 5 and 10 years, with a complication rate of 36%. 1 Salvage ankle arthrodesis for severe talus AVN or failed total ankle arthroplasty has traditionally been treated with a cortical structural allograft such as a bulk femoral head to bridge the defect; however, successful fusion rates in these studies have ranged from 50% to 93% with reported amputation rates as high as 16% to 19%. 4, 16, 21 This third cohort of studies examining success rates of nonvascularized structural bone graft in salvage arthrodesis cases provides a similar literature cohort comparison to our series of salvage cases given the severity of pathology present in both groups. Within our series of challenging patients where AVN was present in 83% of patients and more than 50% had failed prior arthrodesis, MFCvascularized bone transfer ultimately achieved osseous union in 89% of patients. The 3 patients who did not achieve complete union nonetheless were ambulatory and not interested in pursuing further surgery. Ultimately, our reported success rate is at the reported upper end of the nonvascularized structural allograft success rates and, importantly, all patients in our cohort avoided amputation.
Functional status was also significantly improved after MFC reconstruction, with AOFAS Hindfoot Scores increasing from 52 preoperatively to 71 in the postoperative period (P ¼ .001). This finding is largely driven by the significant improvement in the pain subscore from an average of 14 to 27 postoperatively. Although the overall function subscore increase was not statistically significant, 5 of the 7 score components demonstrated significant improvement and the alignment subscore increased as well. When scores are adjusted to remove the sagittal and hindfoot motion components due to the postoperative immobilization of the arthrodesis patients, there is an even larger difference between mean preoperative (43.8 + 12.6) and postoperative (65.8 + 16.4) AOFAS scores (P < .001).
Although our AOFAS scores were significantly improved, the mean postoperative score of 71 was slightly worse than the mean of 81 achieved by Hintermann et al in their series of 14 MFC flaps performed for extended osteochondral lesions (OCLs) of the talus. 13 Their preoperative score was also higher than ours (65 vs 52), however, which is suggestive of more severe baseline hindfoot pathology within our cohort. This pathologic heterogeneity precludes direct functional outcomes comparison between the 2 studies; however, their work comprises the next largest MFC series after this current work and serves only as a comparison of flap outcomes. Interestingly, both studies demonstrated identical 13-point improvements in pain subscores postoperatively and no significant difference in overall functional subscores. As those authors point out, these score results need to be considered within the limitations of the scoring system and the relatively heavy weighting of pain. Despite the limitations, our AOFAS score results demonstrate significant improvements in both pain and functional components postoperatively.
Average time to bony union in our cohort was 7.2 months, which is quicker than other documented union rates using free fibular and iliac-crest flaps. 3, 28 Additionally, average time to full weight-bearing in our patients was 3 months shorter than previously reported. 11, 26 In their series of MFC flaps for talus OCLs, however, Hintermann et al demonstrated complete incorporation of the bone flap within 8-13 weeks. 13 Similar to their higher AOFAS scores, the longer time to union observed in our cohort likely reflects more severe baseline pathology among our patients. Their mean flap volume was 3.36 cm 3 compared with 10.4 cm 3 in our patients indicating significantly larger defect size; however, flap volume was not found to correlate with time to union in our cohort.
Previous studies have demonstrated the use of other vascularized bone flaps, like the free fibula or iliac crest, to augment ankle arthrodesis with varying rates of success. 3, 26, 28 The MFC flap adds to the foot and ankle reconstructive armamentarium as another possible source of vascularized periosteum and corticocancellous bone for defects up to 3 to 4 cm in length. 17 Importantly, the MFC offers reduced donor site morbidity compared with other options. 8, 23, 27 After harvest of the medial femoral condyle, studies have demonstrated that the femur has minimal reparative bone formation and no new degenerative joint disease, with the most frequently sited complication being altered sensation. The stability of the knee is preserved through visualization and protection of the medial collateral ligament. This is corroborated by our patients who reported no functional compromise in the donor leg and only one donor site complication (seroma requiring operative Bone Flap Volume, cm 3 Recipient Artery Tibiotalocalcaneal arthrodesis 11 Tibiotalar joint 9 K-wire (n ¼ 8); screw (n ¼ 1) 12.2 (6.5-18.4) AT (n ¼ 10); PT (n ¼ 1) Sinus tarsi 2 K-wire (n ¼ 2) Talonavicular arthrodesis 7 Talonavicular joint 7 K-wire (n ¼ 4); K-wire and screw (n ¼ 1); plate and screw (n ¼ 1); press-fit (n ¼ 1)
7.8 (2-16) AT (n ¼ 5); PT (n ¼ 2)
ORIF navicular nonunion 4 Navicular waist 4 K-wire and screw (n ¼ 3); K-wire (n ¼ 1) 3.8 (1.7-6) AT (n ¼ 4)
Triple arthrodesis 4 Talonavicular joint 2 Press-fit (n ¼ 2) 14.4 (10.5-17.5) AT (n ¼ 3); PT (n ¼ 1) Navicular (excised) 2 K-wire (n ¼ 1); plate (n ¼ 1) Subtalar arthrodesis 2 Sinus tarsi 2 K-wire (n ¼ 1); screw (n ¼ 1) 10.5 (9-12) AT (n ¼ 2)
Tibia saucerization 2 Tibia metaphysis 2 Press-fit (n ¼ 2) 9.8 (9-10.5) AT (n ¼ 1); PT (n ¼ 1)
Abbreviations: AT, anterior tibial; MFC, medial femoral condyle; ORIF, open reduction internal fixation; PT, posterior tibial. drainage). In contrast, both the iliac crest and fibula donor sites have the potential to leave the patient with marked pain, sensory, and functional deficits. 12, 19, 22, 24 Specific to iliac crest harvest, injury to ilioinguinal and iliohypogastric nerves, iliac wing fracture, and incisional hernias have been reported. 11 Soft tissue loss can be a concern with osteocutaneous flaps. 3 Although it is possible to frequently find a perforator to supply a skin paddle with the MFC flap, there is variability in the potential size of the skin paddle. Fifteen flaps were taken with a skin paddle, and only 2 paddles were completely lost. Fortunately, this did not negatively impact the overall bony healing, as all bone flaps were noted to be viable. Although the rate of partial and total skin paddle loss was relatively high at 10% and 7%, respectively, this is consistent with published literature on lower extremity free flap complications. 29 Previously, factors associated with ankle arthrodesis nonunion include tobacco use, diabetes, noncompliance, and substance abuse. 6, 9, 14, 25 Smoking, diabetes, and steroid use were not contraindications for MFC reconstruction; however, patients were encouraged to quit smoking 6 weeks prior to surgery and to follow up with their endocrinologist to ensure optimal perioperative glucose control. Out of all the comorbidities evaluated, we found that interface nonunion after MFC flap reconstruction was associated with obesity (BMI >30). More specifically, a BMI >35 was independently predictive of MFC nonunion on multivariate regression analysis. This may be related to increased stress transmitted across the vulnerable hindfoot bones with ambulation in the setting of increased body weight. The talus and navicular bones are particularly at risk and this correlates with our observation that talonavicular arthrodesis and talonavicular bone insertion sites trended towards a higher incidence of nonunion. Although sufficient data is lacking, it has also been hypothesized that obesity may compromise casting and lead to difficulty maintaining a nonweightbearing status, thus leading to unwanted motion at the arthrodesis site. 30 A history of failed hindfoot arthrodesis was associated with subsequent MFC nonunion as well. A recent study showed that previous surgery is a risk factor for nonunion following MFC reconstruction of both the upper and lower extremity. 18 History of prior failed arthrodesis as a risk factor for nonunion after MFC reconstruction likely reflects a higher degree of compromised blood supply to the residual hindfoot bones as a result of the significant prior surgical intervention(s).
This study is limited by the retrospective nature, low sample size, lack of a control group, and heterogeneity of orthopedic procedures performed. The vascularized bone flap insertion site varied according to the area of avascular bone and required tailoring to each specific defect in terms of flap size and fixation method. Longer follow-up duration would also have been preferable; however, all patients included in outcomes analysis had documented osseous outcomes and adequate clinical examination for relevant AOFAS score calculation postoperatively. Unfortunately, a validated functional outcome measure was not able to be calculated because of the retrospective nature of the study. Nonetheless, this study reports on the largest series of patients following MFC flap reconstruction of the foot of ankle. Despite limitations, we were able to demonstrate significant improvement in AOFAS functional outcomes and achieve relatively high fusion rates in a challenging patient population.
In conclusion, complex hindfoot pathology often warrants reconstruction with vascularized bone flaps rather than traditional bone grafting techniques. Additionally, prior failed reconstructive and arthrodesis attempts further compromise the hindfoot osseous vascularity and surrounding soft tissue. The MFC corticocancellous flap provided an option for complicated foot and ankle reconstruction with relatively low donor site morbidity, promising osseous union results, and improved functional outcomes. The results of this investigation will be used in the development of future prospective studies to further evaluate outcomes and better elucidate indications for the use of vascularized bone flaps in foot and ankle reconstruction. Abbreviation: American Orthopaedic Foot & Ankle Society. a Adjusted score removed sagittal and hindfoot motion scores to remove bias from arthrodesis patients in the cohort who would be immobile postoperatively.
